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2FIG. 1: Setup for generating pairs of photons entangled both
in polarization and path.
stands for photons with horizontal (vertical) polarization.
This is possible because other maximally polarization-





wave plates. Now if the pump is reected back into the
crystal, it will also produce entangled pairs of photons









. By properly adjusting the distance
between the mirror and the crystal, the setup in Fig. 1
























which is just the desired state entangled maximally both
in polarization and in path. Here photon-1 and photon-2
are, respectively, possessed by two observers, Alice and
Bob, who are space-like separated; jui and jdi denote
two orthonormal path states of photons. It is, however,
worth pointing out that our discussion is independent
upon the particular realization (here, using photons) of
the entangled state (1).
One can dene the following Pauli-type operators for
both the polarization and the path degrees of freedom

x
= jHi hV j+ jV i hHj ; 
z




= jui hdj+ jdi huj ; 
0
z
= jui huj   jdi hdj : (2)





















(i = 1; 2) and, use
() to separate operators or operator products that can
be identied as EPR's local \elements of reality". Then















































































































































































































) for Bob. In particular, Eqs. (3-9) allow











































her local observables (his local observables) without in
any way disturbing Bob's (Alice's) photon. It is the idea
of EPR's criterion of elements of reality to establish a
local realistic interpretation of the quantum-mechanical










































) at Bob's side is
































) with v = 1. To be consistent with Eqs.





















































































) =  1: (14)
But in fact, Eqs. (10-14) are mutually in-








































) = 1, and this is then
in conict with Eq. (14). Thus, the quantum-mechanical
predictions (3-9) are incompatible with the ones imposed
by local realistic theories. The contradiction between QM
and local realism occurs for denite predictions and for
all (100%) of the photon pairs. This completes the proof
of the GHZ-type theorem for our two-photon case.
Actually, the above argument can be understood from
another perspective. By dening jHi jui  j0i, jHi jdi 


























which is, in fact, a two-particle maximally-entangled
state in a four-dimensional Hilbert space. This then im-
plies that the GHZ-type argument has been indeed gen-
eralized to the case with only two entangled four-level
particles. In contrast to the original GHZ proposal, our
scheme requires only two space-like separated regions.
In a real experiment, the perfect correlations and ideal
measurement devices are practically impossible. To face
this diÆculty, a Bell-Mermin inequality for j	i
12
is de-

























































































3However, following Ref. [11] local realistic theories pre-




which is in contradiction with the quantum mechanical
prediction (17).
Though the above argument is formally similar to the
reasoning of Cabello's theorem [10, 11], at this stage the
advantages of our scheme are already manifest. Our ar-
gument works for two entangled photons, whose path and
polarization degrees of freedom are used. Experimen-
tally, manipulating a single pair of entangled photons is
much easier than manipulating two pairs. These features
are essential for an experimental test of the GHZ-type
theorem proposed here.
A careful reader might have found that a more de-
tailed analysis on non-contextuality is needed to validate
our GHZ-type quantum nonlocality argument. In the
argument the same operators may appear in dierent











appear separately in Eqs. (5) and (6), but also appear
jointly in Eq. (9). In order for the argument to hold,
it is however necessary to assign always a single value
to the same operator, though it can appear in dier-
ent equations. Therefore, one either has to assume non-
































with the same ap-
paratuses. Lvovsky noticed that this would then require
quantum controlled-NOT (CNOT) operation to apply on
all (100%) photon pairs to demonstrate Cabello's quan-
tum non-locality in the original proposal with two photon
pairs. Unfortunately, this requires non-linear optics.
This CNOT operation is equivalent to making a com-
plete Bell-state discrimination (see Refs. [10, 11, 12]), in













(jHi jHi  jV i jV i). It has been well
known initially in the context of quantum teleportation
[16, 17, 18] that such a full Bell-state measurement is im-
possible with only linear optics and necessitates nonlinear
optical interactions at a single-photon level [19], which is
very challenging experimentally. Thus, an experimental
test of Cabello's nonlocality cannot be achieved by exist-
ing technology [12].
However, within our two-photon proposal the above
problem does not exist since quantum CNOT operations
can be easily implemented between two dierent degrees











in the present scheme is equivalent to performing





















(jHi jui  jV i jdi); (19)






















































































i. The complete discrimination
of the four Bell states in Eq. (19) has been realized in
the \two-particle analog" of the quantum teleportation
experiment performed in Rome [18]. Such a complete
Bell-state discrimination can be accomplished with linear
optics and almost 100% eÆciency.





















has been eliminated by our two-
photon proposal. We now consider the question how to






















have to be performed on the single pho-
ton possessed by Alice. Therefore, in order to avoid the
non-contexuality assumption, one must design an appa-












Similar considerations would thus lead to the following
six apparatuses (similar apparatuses have been proposed
by Simon et al. [21] in a dierent context), which are suf-





















































































. Fortunately enough, each
of these apparatuses measures dierent local observables
and more importantly, the six apparatuses can be real-
ized without any mutual conict.
Figure 2 (a-d) show the rst four apparatuses, which
require only simple linear optical elements [e.g., the beam
splitters (BS), polarizing beam splitters (PBS) and half
wave plates (HWP) rotated at 45
Æ
] and single-photon de-
tectors. Note that a PBS reects V -photons and trans-
mits H-photons, and a BS (HWP) aects the follow-
ing transformations jui ! (jui + jdi)=
p
2 and jdi !
(jui   jdi)=
p
2 (jHi ! (jHi + jV i)=
p
2 and jV i !
(jHi   jV i)=
p
2). Let us consider, e.g., apparatus-1.












ure 2 (e) and (f) show the last two apparatuses, each of
which is made up of three of the rst four apparatuses.









































). It is worthwhile to note
that apparatus (e) can be replaced with the apparatuses
discriminating the four Bell states in Eq. (19). For ap-
paratus (f) the situation is similar.
Finally, it is interesting to point out that using a single
photon as a two-qubit (polarization and path qubits) sys-
tem may nd important applications in other contexts,
e.g., testing the Kochen-Specker theorem [20] with sin-
gle particles [21, 22], quantum computing [23], quantum
cryptography [24] and entanglement purication [15].
Our recent result shows that the path-polarization entan-
gled two-photon states (1) can also be used to implement
deterministic and eÆcient quantum cryptography [25].
To summarize, we have demonstrated a GHZ-type non-
locality for two photons, which are maximally entangled
both in polarization and in path degrees of freedom. The
present two-photon proposal thus works for denite pre-
dictions and for 100% of the experimental runs. The
scheme proposed to experimentally test the two-photon
GHZ-type nonlocality has obvious advantages in terms
of its simplicity and feasibility. The simplicity originates
from the fact that the scheme can be implemented with
linear optics. The required measurement of local opera-
tors is well within the reach of current quantum optical
technology. Thus, our proposal allows the simplest ex-
perimental conrmation of all-versus-nothing quantum
nonlocality. Note that up to date, there is only one ex-
periment [5] performed to test the GHZ nonlocality, a
kind of all-versus-nothing nonlocality. In this respect,
the feasible experimental scheme, as we suggested in this
work, is highly desirable.
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